Gag polyprotein precursors play an essential role in the assembly of the HIV particle by polymerizing into a spherical shell at the plasma membrane. In order to define the domains within Gag responsible for this homotypic interaction, we have coupled the technology of the yeast two-hybrid system with the technology of a gene-based, semirandom library. By this method, we have identified a minimal region of Gag capable of efficient self-interaction. This region consists of the N-terminal portion of the nucleocapsid protein (NC), including the first zinc finger and the previously described interaction, or I, domain. In parallel with this randomized approach, individual HIV Gag domains, and combinations of these domains, were tested for potential homotypic and heterotypic interactions in the yeast two-hybrid system. Consistent with the results from the semirandom library screen, only combinations of species containing NC were strongly interacting. © 2002 Elsevier Science (USA) 
INTRODUCTION
Late in the retrovirus life cycle, the viral structural polyprotein precursors form immature virus particles that are then released from the plasma membrane of the infected cell. Assembly of these immature structures is directed by the Gag protein, which is sufficient for forming virus-like particles (Swanstrom and Wills, 1997) . The Gag polyprotein is initially synthesized in the cytosol as a precursor and then follows one of two morphological pathways. For most retroviruses, such as Rous sarcoma virus (RSV) or human immunodeficiency virus (HIV), Gag polyproteins are transported to the plasma membrane, where assembly and budding occur simultaneously. In contrast, for a few retroviruses, such as mouse mammary tumor virus and Mason-Pfizer monkey virus, Gag proteins first form intracytoplasmic particles that then relocate to the plasma membrane, become enveloped, and are released. For either morphogenic pathway, during or shortly after virus budding, the Gag polyprotein is cleaved by the viral protease into multiple structural proteins. Cleavage of Gag results in a dramatic structural transformation, termed maturation, which is necessary for the formation of the infectious virion.
The 55-kDa HIV Gag polyprotein consists of four dis-tinct domains and two spacer peptides that upon cleavage are released as separate proteins: the N-terminal matrix protein (p17; MA), capsid protein (p24; CA), peptide p2, nucleocapsid protein (p7; NC), peptide p1, and the C-terminal p6 protein. As a part of the Gag polyprotein, each of these domains exhibits important functions during virion assembly, while the mature proteins play essential roles during the early phases of the viral life cycle. The importance of individual Gag domains for particle formation has been intensively studied (for review, see Freed, 1998; Turner and Summers, 1999) . The MA domain, which forms the N-terminal part of the Gag polyprotein, directs binding of Gag, and thus assembly, to the plasma membrane. Based on structural and mutational studies, it is likely that positively charged residues of the protein promote membrane binding by interacting with the acidic phospholipids on the inner face of the lipid bilayer Massiah et al., 1994; Zhou et al., 1994) . The region of retroviral MA proteins responsible for membrane binding has been referred to as the "M" domain (Wills and Craven, 1991) . The basic region of HIV MA may have the additional function of promoting HIV Gag polyprotein multimerization (Burniston et al., 1999) . The CA domain of Pr55 gag is composed of two domains (Gitti et al., 1996) : an N-terminal part (residues 1-145), which functions in virion maturation and incorporation of the cellular protein cyclophilin A, and a C-terminal "dimerization" domain (residues 151-231), which is critical to the assembly of the mature core (Gamble et al., 1996; Luban et al., 1993) and which may also contribute to Gag-Gag precursor interactions (Burniston et al., 1999; Gamble et al., 1997) . Within the C-terminal portion of CA there is also a region uniquely conserved among retroviruses that has been termed the major homology region (MHR; Wills and Craven, 1991) . Residues within this region form a hydrogen-bonded network critical to the structure of the C-terminal domain (Gamble et al., 1997) . Generally, mutations within the C-terminal third of the CA protein, especially those that might interfere with the CA dimer interface, can disrupt virion assembly, whereas mutations in the amino-terminal domain often result in viruses that can assemble and bud but have aberrant morphology and are noninfectious (Chazal et al., 1994; Dorfman et al., 1994; Göttlinger et al., 1989; Spearman et al., 1994) . However, little is known about the direct effect of these different CA domain mutations on Gag self-association.
In addition to its specific viral RNA binding function, the NC domain also plays a pivotal role in retroviral Gag self-association and assembly-a function that has been studied intensively (Bennett et al., 1993; Cimarelli and Luban, 2000; Cimarelli et al., 2000a,b; Dawson and Yu, 1998; Sandefur et al., 1998 Sandefur et al., , 2000 Weldon et al., 1990; Zhang and Barklis, 1997; Zhang et al., 1998) . The NC domain, and in particular, specific basic residues within that domain, are essential for promoting interaction between Gag polyproteins (Bowzard et al., 1998; Cimarelli et al., 2000a; Dawson and Yu, 1998) . Recent data suggest that the ability of NC to promote the interaction of Gag molecules is mediated by RNA (Burniston et al., 1999; Cimarelli et al., 2000a) , and heterologous RNA binding proteins have been shown to substitute for the NC domain's assembly function in the context of a Gag fusion protein (Zhang and Barklis, 1997) . The ability of various matured retroviral NC proteins to bind nonspecifically to nonviral nucleic acids, through the action of their numerous basic residues, is well described (Lapadat-Tapolsky et al., 1993; Schmalzbauer et al., 1996) .
The region within NC that promotes Gag interaction has been termed the I domain (Wills and Craven, 1991) , which subsequently has been more narrowly defined as the region responsible for the assembly of particles of normal density (Bennett et al., 1993; Garnier et al., 1998; Parent et al., 1995) . Originally described within the Gag protein of RSV and localized within NC, this region was subsequently found to be functionally conserved among retroviral Gag proteins (Bennett et al., 1993) . Detailed analyses of the HIV I domain have revealed the critical importance of several basic residues in NC for I domain function and the necessity of the I domain for efficient plasma membrane binding of Gag (Sandefur et al., 1998 (Sandefur et al., , 2000 . Surprisingly, basic residues within NC, required for Gag-Gag interaction, were found to provide only a minor contribution to virion density (Cimarelli and Luban, 2000) . The detailed mechanism of dense particle formation through the action of the I domain with RNA remains to be characterized. However, the ability to substitute the I domain with known protein interaction domains, such as a coiled-coil sequence, suggests that little more than the ability to promote Gag-Gag association is required (Accola et al., 2000; Zhang et al., 1998) .
Along with the M and I domains, the third region of Gag described to possess a critical assembly function is the L, or late, domain. In the case of HIV, this is located at the C-terminal part of Gag within p6. The L domain functions at a late stage of the assembly process to effect the final release of enveloped particles (Göttlinger et al., 1991; Parent et al., 1995) .
Although several regions of Gag that play an apparent role in multimerization have been identified, we considered the possibility that additional interaction regions may remain to be discovered and that all these regions may act in concert to achieve particle assembly. In order to characterize these potential regions of Gag, we have exploited the previously described ability of the HIV Gag polyprotein to self-associate in the yeast two-hybrid system (Franke et al., 1994; Luban et al., 1992) . Using a comprehensive approach that combines epitope-mapping technology with the two-hybrid system, we have identified a minimal Gag-derived sequence capable of interaction with full-length Gag. This minimal region consists of approximately the N-terminal two-thirds of NC, which contains the previously described I domain. As an adjunct to the randomized approach, we have also examined the individual mature Gag domains, and combinations of these domains, for association in the twohybrid system. These experiments confirmed the strictly homotypic character of the interaction involved in Gag self-association and again emphasized the role of the NC domain in this process.
RESULTS

Ensuring specificity for Gag
All retroviruses except the Spumaviridae synthesize their enzymatic components through the mechanism of a minus one ribosomal frameshift, which results in a fusion of these proteins with the Gag precursor (Jacks et al., 1988a) . The extent to which Gag sequences are included in this fusion protein depends upon the location of the frameshift signal and thus the amount of overlap between the gag and pol (or sometimes pro) reading frames. In the case of HIV-1, the gag and pol genes overlap through the p6 coding sequence. Approximately 90% of translating ribosomes produce Gag, while 10% produce a Gag-Pol polyprotein (Jacks et al., 1988b) . Thus, even though our clones contain only the gag coding sequence, 10% of the expressed proteins would derive from a frameshift and thus contain residues coded by the pol gene-in this case part of the protease.
In order to ensure that our screens would not identify sequences that interact with protease, we removed the frameshift. The frameshift signal within the messenger RNA is composed of two necessary parts, a slippery sequence and a stem loop. To destroy the HIV-1 gag/pol frameshift signal, silent mutations were introduced in the slippery sequence UUU UUA (Hung et al., 1998; Jacks et al., 1988a,b) to change the sequence to UUC CUC. The altered sequence no longer promoted ribosomal slippage and prevented the production of a longer, truncated Gag-Pol fusion protein in an in vitro synthesis reaction (not shown). All HIV-1 constructs examined in this study were based on this frameshift mutant version of gag.
Efficient interaction between individual Gag proteins or combinations of proteins requires NC
The current model for HIV assembly predicts homotypic interactions between the defined domains driving Gag multimerization. As suggested by this model, previous studies have focused only on these potential homotypic interactions of domains. The possibility that heterotypic interactions between domains may contribute to Gag multimerization, and thus assembly, has not been directly examined. To explore these heterotypic interactions, a panel of individual domains and combinations of domains was prepared ( Fig. 1A) and analyzed in the two-hybrid system. All protein constructs were tested in the context of both Gal4 activation and binding domain fusion proteins. In order to potentially detect even weak interactions, a low stringency of selection, employing the "jump start" protocol, was used (see Materials and Methods).
The results of the analysis of these various Gag fragments and their combinations were definitive (Table 1) . In order to detect a strong interaction, the NC domain must have been present in both the activation and the binding domain species. These results are consistent with previous studies that explored the interaction of Gag by deletion analysis and showed that the NC domain can promote association between Gag species (Burniston et al., 1999; Franke et al., 1994) . Although we had considered the possibility that additional, and perhaps heterotypic, interactions might contribute to assembly, no significant additional interaction region was identified. However, we did observe a weak interaction between CAp2 and longer Gag species containing NC. Surprisingly, no interaction was detected when NCp1 was tested against the whole Gag polyprotein. We hypothesize that this was due to a limitation of the twohybrid system when two proteins of dramatically different sizes are tested. Since both proteins are fused by their N-termini to the Gal4 domains and the interacting region of the longer protein is located near its C-terminus, NC-mediated interaction might fail to bring the two Gal4 domains into sufficient proximity to properly reconstitute transcriptional activation. In support of this theory, when the N-terminal MA (17-kDa) domain was removed from the Gag construct, thus reducing the distance between the NC and Gal4 domains, NC-mediated interaction was detected (Table 1) .
While a strong interaction was detected only between two-hybrid constructs containing the NC domain, there was also a very weak affinity detected between fusion proteins containing CAp2. Colonies scoring positive for interaction of the NC domain usually appeared within two days after replica plating on selective media; colonies transformed with the combination of the activation domain (AD)-CAp2 and binding domain (BD)-Gag fusion proteins required 4-5 days. Similar results were obtained for an interaction between AD-CAp2 and BD-CAp2NCp1 or BD-CANCp1. Although these results with AD-CAp2 were barely detectable because of slow colony growth, they were observed repeatedly. Surprisingly, no similar interaction was detected when the AD-MACAp2 construct was tested against Gag. How the addition of the MA domain could impair the interacting ability of the CAp2 protein remains unclear. In addition, none of these FIG. 1. A. Schematic representation of individual HIV Gag domains screened for homotypic and heterotypic interactions. Each HIV Gag fragment was examined in the yeast two-hybrid system. All species were expressed as both activation and binding domain fusion proteins, and all possible combinations of species were tested (see Table 1 ). MA, matrix protein; CA, capsid protein; p2, peptide p2; NC, nucleocapsid protein; p1, peptide p1; p6, protein p6. B. Gag fragments isolated from the semirandom library. At top is a schematic representation of the MA-deleted Gag species used as bait. The locations of protein sequences, isolated from the semirandom library and capable of interaction, are shown below the Gag species (L1, L2, L3). MHR, major homology region. weakly detected interactions was observed when CAp2 was fused to the binding domain and Gag was fused to the activation domain. Perhaps these discrepancies are simply a function of being at the limit of detection, where even the slightest perturbation can disrupt the system. Finally, we had expected, based upon the many published solution and assembly analyses of the CA protein (for review, see Turner and Summers, 1999) , that we would observe CA self-interaction in this system; however, no signal of any strength was detected for the CA protein with either itself or any other species. Previous analyses of Gag fragment self-interaction in vitro failed to detect CA species activity unless sequences within MA or NC were also present (Burniston et al., 1999) .
Identification of a minimal Gag region capable of self-interaction
Retrovirus assembly is driven by the self-association of multiple Gag precursor molecules. The proteins produced by the cleavage of Gag reassemble into a different, less stable structure in the matured particle. Thus, the ability of Gag to form the immature particle must result from either the concerted action of the individual domains or the function of elements, such as the interdomain regions, that exist only in the precursor molecule. In order to find such potential elements, which may be unique to the precursor, we adapted an epitopemapping technology based on enzymatic gene fragmentation to construct libraries derived from gag to screen in the two-hybrid system. This approach is similar to one using random DNA fragments generated by sonication (Stagljar et al., 1996) . Since the size of a minimal Gag self-interaction sequence was unknown, several such libraries were constructed containing varying sizes of gag gene fragments.
Unfortunately, a cloning strategy using blunted DNA fragments ligated into the two-hybrid vector resulted in a large number of tandem insertions. Consequently, screens of these libraries produced an impractically large number of false positives to sort through. To circumvent this problem we extensively modified the activation domain vector pGADT7 to convert it into a T vector (see Materials and Methods). T-vector cloning of single dA tailed fragments is a proven strategy to prevent tandem insertions, as well as self-ligation of the vector (for review, see Zhou and Gomez-Sanchez, 2000) . All the libraries were constructed by fusing the randomly generated fragments to the Gal4 activation domain for screening in the two-hybrid system. DNase I was employed to fragment the gag gene into segments, with an average size of 50, 100, and 150 bp in length. For the 1500-bp HIV gag gene, approximately 1500 such possible segments of a given size are produced. Since each of these fragments can be cloned in either orientation, the full diversity of each library is approximately 3000 unique clones, of which only 1 of 6, in this case 500, will express an amino acid sequence from the Gag protein. The remaining 5 of 6 clones will represent expression of gag gene fragments either from the minus orientation or from alternate reading frames.
The screens of the random fragment libraries were performed using as bait a full-length Gag polyprotein and also a shorter version with the MA domain deleted (⌬MA-Gag). As for the domain interaction screens above, we also used this N-terminally truncated version of Gag to provide the opportunity, through functional reconstitution of the Gal4 transactivator, for identifying sequences that interact with C-terminal regions of Gag. The necessity for using the shorter, truncated version of Gag was confirmed by our failure to isolate any positive clones when full-length Gag was used as bait.
In order to define even weak interactions, the jump Gag
Note. ϩϩϩ, Binding ability similar to the interacting activity between two full-length Gag polyproteins measured as a rate in clonal growth and a level of blue staining; ϩϩ, binding activity in the range of 40-80% of full activity; Ϯ, barely detectable activity but repeatedly observed and distinguishable from noninteracting constructs; Ϫ, no detectable activity. a AD, activation domain; BD, binding domain.
start screening method was employed here as it had been to detect the weak interactions between the defined domains (see Materials and Methods). To eliminate the likelihood of isolating false positives, all clones were secondarily screened against the Gal4 DNA binding domain alone and also retested for interaction with ⌬MA-Gag. Completely screening the largest fragment-size library (average size of 150 bp) proved to be difficult due to the large number of false positives. For each truly positive Gag interacting sequence, we found it necessary to eliminate approximately 30 false positives. In contrast, the two smaller fragment-size libraries (average insert size of 50 and 100 bp) were easily screened to completion since both were found not to contain any positive clones. Several different interacting species were identified from the large insert library using ⌬MA-Gag as the bait (Fig. 1B ). Although these three species were isolated independently and are unique, they all contain a common region of Gag. This region includes residues from the N-terminus of NC, through the first Cys-His motif and the inter-zinc finger region, to just the N-terminal part of the second Cys-His motif. The individual sequences differ by only small N-or C-terminal extensions. No fragments shorter than the smallest of these, at 41 residues, were identified, suggesting that shorter fragments would be incapable of interaction. Surprisingly, all of these identified fragments exhibited a robust interaction with ⌬MA-Gag, producing a rate in colony growth and a level of ␣-galactosidase activity similar to those produced by the interaction of full-length Gag with itself (see Table 1 ). Thus the results from the library screens, in agreement with the results from the analysis of defined domains, indicated that the approximately N-terminal two thirds of NC is required for a strong interaction with Gag. Moreover, these results also suggested that other regions within the Gag polyprotein are not capable of sufficient affinity to be detected.
Further characterization of a minimal Gag interacting sequence
Comparison of the three interacting library species produced a minimal essential domain for Gag interaction (Fig. 2) . To determine if, indeed, this entire sequence is necessary, we constructed a panel of N-and C-terminally truncated forms for analysis. All of these species were produced as AD-fused proteins and tested for interaction with ⌬MA-Gag fused with the BD. The C-terminally truncated versions were constructed by introducing stop codons into the NC sequence. These stop codons were placed such that the potential contribution of specific basic residues could be evaluated (Fig. 2 , constructs NC-1 through NC-6). In addition, all of these species were constructed such that their N-termini would coincide with the beginning of NC. None of the species containing less than the full C-terminal region of the library consensus yielded a positive interaction with ⌬MA-Gag, nor in subsequent screens did any of these species yield a positive interaction with CAp2NCp1 or NCp1. Only NC-6, which differs from the consensus library sequence by the addition of a C-terminal lysine, yielded a weakly positive result.
While the NC-6 species proved sufficient for interaction, it was also of interest to explore the requirement for the consensus region in the context of larger Gag species. We therefore created the corresponding C-terminally truncated versions of the Gag polyprotein and tested these for interaction with the whole Gag polyprotein (Fig. 2, constructs Gag-NC-1 through Gag-NC-4). We found that the addition of the N-terminal part of Gag to NC-3 (Gag-NC-3) restored the ability to interact, albeit weakly (Fig. 2) . Surprisingly, the addition of only three additional C-terminal residues, construct Gag-NC-4, restored the ability to interact with Gag to full strength. Perhaps the basic nature of two of these additional residues supplies a critical function for the interaction. None of the constructs shorter than Gag-NC-3 showed any activity.
A previous analysis of Gag interactions in vitro identified basic residues in MA as contributing to Gag selfassociation (Burniston et al., 1999) . Consistent with that finding, when we deleted the MA domain from Gag-NC-3 to create ⌬MA-Gag-NC-3 the weak interaction with Gag was lost (Fig. 2) . More significantly, the strong signal produced by Gag-NC-4 was also lost when the MA domain was deleted from the construct to create ⌬MA-Gag-NC-4. Although we failed to observe an interaction for MA itself, these rescue results clearly show the importance of the MA domain for Gag-Gag association.
To further probe the limits of the minimal interaction region, a series of N-terminal truncations was constructed. Since the C-terminal truncation analysis showed that sequences up to within the second zinc finger are necessary for interaction, we extended these constructs to the end of the p1 peptide to help ensure that even a weak contribution of N-terminal sequences could be detected (Fig. 2 , constructs N-1-NCp1 through N-3-NCp1 and NCp1). The results were similar to those for the C-terminal truncation series. Only the species containing the entire N-terminus of NC, and thus the entire NC sequence, produced a positive readout for interaction. The N-terminal region of NC contains the previously described I domain, which is responsible for the formation of HIV Gag particles with the right density (Bennett et al., 1993; Garnier et al., 1998; Parent et al., 1995; Sandefur et al., 1998 Sandefur et al., , 2000 . Consistent with mutational studies that have highlighted the critical role for arginine-3 of NC in I domain function (Sandefur et al., 2000) , we found that removing as little as three residues, including this arginine, abolished the ability of the species to interact.
The identification of the minimal domain and the determination of its N-terminal limit also provided the opportunity for evaluating the potential contribution of p6, which in the context of a p1 fusion failed to exhibit any activity (Table 1) . For this purpose, N-3-NCp1 was extended to the C-terminal end of Gag, creating N-3-NCp1p6. Using ⌬MA-Gag as bait, we found that the addition of p6 to an otherwise inactive species could restore weak activity (Fig. 2) . This result suggests that the p6 domain, like MA, can also contribute to Gag-Gag self association.
DISCUSSION
Numerous reports have demonstrated the ability of the retrovirus Gag polyprotein to interact with itself. Many of these studies have focused on HIV and have evaluated both intact and truncated forms of the Gag polyprotein for homotypic interaction in vitro by binding assay (Burniston et al., 1999) , in vivo by the yeast two-hybrid system (Franke et al., 1994; Luban et al., 1992) , and in tissue culture by particle release and density analysis (Sandefur et al., 1998 (Sandefur et al., , 2000 . The critical importance of the NC domain, and in particular its N-terminal basic region, for HIV particle assembly has been highlighted (Cimarelli and Luban, 2000; Cimarelli et al., 2000a,b; Gheysen et al., 1989; Hoshikawa et al., 1991; Jowett et al., 1992; Sandefur et al., 1998 Sandefur et al., , 2000 . In contrast, the zinc fingers within NC, while critical for specific viral RNA encapsidation and replication, have been shown by mutational and biochemical analysis to play a negligible role in virus assembly (for review see Berkowitz et al., 1996) . In one of the most detailed studies of Gag primary sequence requirements for self-association, a large panel of recombinant HIV-1 Gag deletion mutants was tested for homotypic interaction in solution (Burniston et al., 1999) . In that study, NC exhibited activity almost equivalent to that of the complete polyprotein. In the absence of the NC domain, relatively weak activity that was dependent on FIG. 2. Truncation analysis of the minimal interaction domain. The first line depicts the p2NCp1 region within the Gag sequence. The NC domain is shown in bold, with the Cys-His motifs underlined. The sequence labeled "library domain" represents the fragment of Gag common to all interaction-positive library species. Below this are shown the various truncations of the common sequences examined in the two-hybrid system, with the assay readout shown at right. Residues in italics are coded for by sequences in pGADT7-T and result from insertion of random DNA fragments into the XcmI site (see Materials and Methods). All truncated species were expressed as Gal4 activation domain fusions and were tested for interaction against corresponding Gag fragments fused with the Gal4 binding domain: NC-1 through NC-6, N-1-NCp1 through N-3-NCp1, and N-3-NCp1p6 were tested against ⌬MA-Gag, and Gag-NC-1 through Gag-NC-4, ⌬MA-Gag-NC-3, and ⌬MA-Gag-NC-4 were tested against full-length Gag. ϩϩϩ, A readout of the assay similar to that of two full-length Gag polyproteins as measured by the rate of colony growth and the level of ␣-galactosidase staining; ϩϩ, binding activity in the range of 40-80% of full activity; ϩ, activity less than 40%; Ϫ, no detectable activity. residues forming the CA-dimer interface and upon basic residues within the MA domain was observed. Providing a clue to the mechanism of NC function, this study also demonstrated that RNase disrupts Gag-Gag interaction and that Gag interacts with heterologous RNA binding proteins-a result that is consistent with the lack of a requirement for specific viral RNA incorporation for efficient assembly of noninfectious virions (Aldovini and Young, 1990; Clavel and Orenstein, 1990; Lever et al., 1989) .
Our results extend these findings by focusing on the ability of Gag sequences to self-interact in vivo in the yeast two-hybrid system. Previously reported attempts to map the primary requirements for HIV-1 multimerization in vivo using the two-hybrid system found that a Gag fragment retaining the MHR and extending through the complete NC domain was sufficient for full activity (Franke et al., 1994) . Using a more comprehensive, randomized approach we have defined a more minimal region. Several short sequences, excluding the MHR and covering the N-terminal two-thirds of the NC domain, were isolated, thus confirming the crucial role of NC in Gag multimerization. Similarly, recent analysis of assembly in vitro by fragments of RSV Gag also established a requirement for the N-terminal two-thirds of NC (Yu et al., 2001) . However, these studies, like those previously performed for HIV Gag, defined regions of activity through a loss-of-function and, thus, as opposed to our gain-offunction analysis, did not delineate a minimal region. In addition, it had been long established in RSV, through analysis of Gag deletion mutants expressed in cultured cells, that the MHR is dispensible for the production of particles of the proper density and hence for I domain function (Weldon and Wills, 1993) .
The inability to N-terminally truncate the minimal interaction domain is consistent with the previously described role for interaction of the basic residues in this region (Cimarelli et al., 2000a) and the general role for RNA in HIV Gag protein self-association (Campbell and Rein, 1999) . Furthermore, studies of I domain function have mapped this region to the first seven residues of NC (Sandefur et al., 2000) . In particular, the ability of Gag to form particles of the proper density was localized to the two arginines in this short sequence. The critical role for positive charges in this region of a retrovirus NC has also been demonstrated in the case of a truncated RSV Gag polyprotein, where I domain function was restored by addition of a small string of basic amino acids (Bowzard et al., 1998) . However, positive charge alone may not be sufficient. The function of a minimal I domain was not completely reconstituted when the two critical arginine residues in the HIV I domain were replaced by lysines (Sandefur et al., 2000) . Despite a lack of a detailed understanding for the role of specific positive charges, it seems clear that I domain function is mediated by RNA and therefore that our minimal region must likewise achieve self-association in the two-hybrid system through binding to RNA.
In our analysis of the minimal interaction region we found that some C-terminally truncated forms could be rescued by the addition of the N-terminal domains of Gag. Therefore, the minimal domain within NC was not completely required in the context of a larger precursor molecule and different parts of the Gag polyprotein had the ability to act in concert during self-association. This cooperative effect was in part due to MA since removal of this domain-a region that failed to self-associate on its own in this system-resulted in a loss of interaction. A similar ability of the MA domain to rescue self-association was also observed in vitro for a Gag polyprotein with a partial deletion of the NC domain (Burniston et al., 1999) . In addition to MA, we also found that the p6 domain possessed a similar, although weaker, ability to rescue self-association. Thus, in addition to the L domain, p6 may also contain a region that helps to drive Gag interaction. This finding further supports the idea that Gag self-association and assembly result from the concerted action of multiple regions of the polyprotein.
Despite our findings with MA and p6, we failed to detect a domain other than NC that can act independently to produce a strong signal through either homotypic or heterotypic interactions. However, the AD-CAp2 fusion protein was capable of producing a very weak, but reproducible, signal when tested against full-length Gag or CANC as bait. Curiously, we were unable to detect self-interaction of CAp2. Since the association of CAp2 with the longer constructs is likely mediated by the CA dimerization domain, one would expect an equivalent ability for this molecule to self-associate. We hypothesize that interaction of CAp2 with Gag or with CANC is facilitated by prior self-association of these longer species. In the yeast two-hybrid system it is likely that, in addition to interaction between fusion proteins carrying different Gal4 domains, interaction between species fused to the same Gal4 domain (either AD or BD) can occur. Thus, it is possible that multimers of the BD-fused Gag polyprotein can recruit an interaction with a more weakly binding species, such as CAp2. Interestingly, the presence of the p2 spacer peptide was required for this weak interaction. How p2 functions to facilitate interaction remains unclear, but this region has been shown to be critical for the formation of spherical particles in an in vitro study of HIV Gag fragment assembly (Gross et al., 2000) . Species deleted of p2 (denoted as SP1 in that study) formed tubes instead of spheres.
The experiments presented in this report clearly confirm the essential role for the NC domain in Gag selfassociation in vivo and have identified a minimal domain within NC sufficient for such self-association. In addition, the finding that the MA and p6 domains can work in concert with NC supports the current model of retrovirus Gag assembly, whereby the NC domain, and in particular its N-terminal region, is the driving force behind Gag multimerization, while the remainder of Gag plays a supporting role in the correct formation of the immature particle.
MATERIALS AND METHODS
DNA constructs
All plasmid DNA constructs were amplified in Escherichia coli strains DH5␣ or DH1. For library transformation and amplification, high-efficiency Epicurian Coli XL-10-Gold Ultracompetent Cells (Stratagene) were used.
All HIV-1 gag fragments were derived from plasmid pDAB72, a vector containing the HIV-1 gag sequence under the control of the T7 promoter, obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases, from Susan Erickson-Viitanen. For use in the yeast two-hybrid screen, the HIV gag-pol frameshift signal sequence was changed by silent mutagenesis to prevent the synthesis of any pol gene products. Using appropriate primers and pDAB72 as the template, the HIV-1 gag/pol frameshift signal sequence AAU UUU UUA GGG was altered to AAU UUC CUC GGG. The resulting PCR fragment was cleaved by AgeI and BglII and ligated into pDAB72, which had been similarly digested with the same enzymes. A fortuitous result of the silent mutation was the creation of an additional AvaI restriction site that was used for the screening of clones. Loss of the production of frameshift products from this construct was confirmed by in vitro synthesis. Transcription and translation were performed in the presence of [ 35 S]methionine (Amersham) using the TNT Coupled Reticulocyte Lysate System (Promega) according to the manufacturer's instructions.
The individual Gag domain expression vectors were constructed by PCR using appropriate primers and pDAB72 as the template followed by ligation of the PCR products into the two-hybrid vectors pGADT7 and pB-DKT7. All constructs contain an NcoI (or NdeI) site and an XhoI site introduced at the beginning and end of the gag-coding region, respectively.
Expression vectors for the C-terminally truncated versions of NC or Gag were constructed by PCR using pGADT7-NCp1 or pGADT7-Gag as the template. Similarly, N-terminally truncated versions of NCp1 were constructed by PCR using pGADT7-NCp1 as the template. Start or stop codons were inserted in the appropriate places by incorporating the sequence into the forward or reverse primer. All PCR products were then inserted into pGADT7 by cleavage with NcoI and XhoI, followed by ligation. The sequences of all primers used to construct the vectors described in this report are available upon request.
Semirandom library of HIV Gag-derived fragments
The yeast two-hybrid activation domain vector pGADT7 was modified to allow the insertion of library sequences by T cloning. This modification was performed to reduce the prevalence of tandem insertions of DNA fragments during construction of the semirandom library (see below). Firstly, two naturally occurring XcmI sites within the plasmid backbone were destroyed by silent mutagenesis using PCR. Then, two new unique XcmI sites were introduced into the polycloning site following the Gal4 activation domain sequence. These two sites were constructed to leave single 3Ј(dT) overhangs after digestion and to be separated by a removable 450-bp stuffer insert. This vector design is based on pT-NOT (Franz and Dear, 1998) , a plasmid that allows the simple purification of ready-to-use T vector from an agarose gel after digestion with XcmI.
The modified vector pGADT7-T was then used as the recipient for random DNA fragments to construct the semirandom gag gene-based library. Before fragmentation, the gag gene was excised from pDAB72 by digestion with NcoI and XmaI. Random fragments of the desired size were then generated using the DNase Shotgun Cleavage Kit (Novagen) according to the manufacturer's instructions. Briefly, bovine pancreatic DNase I was used in the presence of Mn 2ϩ to create a set of completely random double-stranded DNA fragments. The average size of the fragments generated was controlled by varying the enzyme concentration. Fragments of approximately 150, 100, and 50 bp were produced and then isolated by electrophoresis in a 2% agarose gel. To facilitate T cloning into the pGADT7-T activation domain vector, the fragments were blunt ended by treatment with T4 DNA polymerase and single 3Ј(dA) overhangs were added using Taq DNA polymerase and the Single dA Tailing Kit (Novagen). These tailed fragments were then ligated into the pGADT7-T to create the semirandom library. To ensure complete diversity in the library, the number of clones in the unamplified library needs to be at least two to three times higher than the theoretical number of independent clones. Greater than 6000 clones were obtained for each of the unamplified libraries. To double check for diversity in the libraries, 5 clones from each library were sequenced and, in every case, were found to represent different independent gag gene fragments. These successfully constructed libraries were then amplified by spreading and growth on solid selective media to preserve their complexity and to prevent the growth and overrepresentation of "jackpot" clones.
Yeast two-hybrid system
Protein-protein interactions were tested in vivo in the Matchmaker 3 (Clontech), Gal4-based, two-hybrid system using yeast strain AH109, activation domain vector pGADT7 or pGADT7-T, and binding domain vector pB-DKT7. The host strain Saccharomyces cerevisae AH109 contains three selectable markers, HIS3, ADE2, and MEL1. Yeast were transformed by the lithium acetate method according to the protocol provided with the Matchmaker 3 system. Both Gal4 plasmids, pGADT7 and pGBKT7, carrying various fusion genes, were transformed simultaneously. Isolation of plasmid DNA from yeast was performed according to the manufacturer's instructions using acid-washed glass beads for cell disruption. Isolated DNA was then used to transform bacteria. Plasmid DNA was purified from bacteria using a mini-prep kit (Qiagen).
Screening was performed according to the protocols provided by the manufacturer. Briefly, colonies containing both plasmids were selected on media lacking leucine and tryptophan, the selectable nutritional markers for plasmids pGADT7 and pBDKT7, respectively. The jump start procedure, which allows cells to grow and produce a sufficient amount of the Gal4 fusion proteins, was used before selection for interaction. This lower stringency technique increases the chance of detecting weaker protein-protein interactions. By this method, colonies with a diameter of 1-2 mm were transferred by replica plating or simply using a sterile toothpick to selective plates containing media lacking leucine, tryptophan, histidine, and adenine. Expression of the Mel-1 reporter gene, which produces secreted ␣-galactosidase was tested by transferring colonies to 100-mm plates that had been prepared by the spreading of 200 l of X-␣-Gal (2 mg/ml in dimethylformamide). The development of a blue color in growing colonies indicated ␣-galactosidase expression.
